The permanent strain behavior of unbound aggregates under repeated loading has been studied by many researchers over the years. A summarized review of the research into this area is given based on the literature available to date. Different views from various sources are outlined and discussed. A state of the art is presented regarding the factors affecting the permanent strain development in these materials and the modeling techniques available. This paper is the second of two companion papers discussing the current state of knowledge on the structural behavior of unbound aggregates. The resilient properties of these materials are reviewed in detail in the first paper.
INTRODUCTION
In comparison with most concrete and steelwork structures, the layered form of a road pavement is relatively simple. Nevertheless, due to complexities in the behavior of the constituent materials under traffic loads and environmental conditions, pavement design techniques are still far from advanced. Most traditional design methods in current practice around the world are more or less empirical. These methods are based on longterm experience with the performance of in-service roads, supplemented with the results obtained from specially constructed test pavements. Empirical methods are, however, limited to operating within the limits of the conditions on which they are based and cannot cope with changes in loading and environmental conditions, construction materials, or construction techniques.
The disadvantages of traditional pavement design methods have become more obvious during recent decades. Growing transportation needs and the consequent increases in traffic loads have resulted in rapid deterioration of existing road networks, necessitating considerable expenditure on maintenance. At the same time, the road construction industry is now being urged, through political arguments, to utilize recycled materials and by-products as alternatives to the natural aggregates used in pavement structures. The empirical nature of traditional design methods prevents the required adaptation to these new conditions.
The need for more adaptable and comprehensive pavement design methods has led to worldwide research efforts for the development of mechanistic or analytical design procedures. These procedures are based on analyzing the response of the pavement structure under specified traffic loads and environmental conditions. Understanding the behavior of the pavement materials involved is a conditional prerequisite for the success of the mechanistic approach.
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Note. Discussion open until July 1, 2000. Separate discussions should be submitted for the individual papers in this symposium. To extend the closing date one month, a written request must be filed with the ASCE Manager of Journals. The manuscript for this paper was submitted for review and possible publication on January 20, 1999. This paper is part of the Journal of Transportation Engineering, Vol. 126 (which usually provide the pavement with a significant, or sometimes sole, structural function) has been one of the main research topics in pavement engineering for many years. The deformational response of these materials under repeated, traffic-type loading is defined by a resilient response, which is important for the load-carrying ability of the pavement and a permanent strain response, which characterizes the long-term performance of the pavement and the rutting phenomenon. Fig. 1 gives a simple illustration of resilient and permanent strains in granular materials during one cycle of load application. In an attempt to compile the findings of previous research in this area, a comprehensive literature survey was carried out. The focus of this paper is on the permanent strain behavior of unbound aggregates. A state of the art is presented regarding factors affecting the behavior and different modeling approaches. The resilient properties of aggregates are reviewed in a companion paper (Lekarp et al. 2000) .
FACTORS AFFECTING PERMANENT STRAIN RESPONSE
One of the main aspects of the design philosophy for flexible road pavements is limitation of the rut development in the pavement structure. Although measuring rut depth is normally considered to be a relatively simple task, the prediction of rut development is extremely complex. The problem is not only to characterize the pavement materials but also to assess the impact of the environmental conditions and calculate the appropriate stress distribution during the entire service life of the pavement. The first step in understanding the important role of granular materials in pavement rutting is to appreciate the nature of permanent deformation in such materials.
In comparison to resilient behavior, less research has been devoted to plastic response and permanent deformation devel-opment in granular materials. One of the reasons is perhaps the fact that monitoring the buildup of permanent deformation in these materials is a very time-consuming and basically destructive process. Nevertheless, research in this area has revealed that plastic behavior is affected by several factors as described below.
Effect of Stress
The literature available shows that the stress level is one of the most important factors affecting the development of permanent deformation in granular materials. Early repeated load triaxial tests, reported by Morgan (1966) , showed clearly that accumulation of axial permanent strain is directly related to deviator stress and inversely related to confining pressure. Since then, several researchers have reported that permanent deformation in granular materials is principally governed by some form of stress ratio consisting of both deviatoric and confining stresses. Lashine et al. (1971) conducted repeated load triaxial tests on a crushed stone in a partially saturated and drained condition and found that the measured permanent axial strain settled down to a constant value directly related to the ratio of deviator stress to confining pressure. Similar results were reported by Brown and Hyde (1975) , who studied the response of crushed stone under repeated triaxial loading conditions with constant confinement. Brown and Hyde further stated that similar results are obtained in tests with variable confining pressure, if the mean value of the applied confining stress is used in the analysis. Other researchers (Raymond and Williams 1978; Pappin 1979; Thom 1988; Paute et al. 1996) have attempted to explain permanent strain behavior under repeated loading using the ultimate shear strength of the material. In this approach, the static failure line is considered as a boundary for permanent strain under repeated loading. This has been questioned by Lekarp and Dawson (1998) who argued that failure in granular materials under repeated loading is a gradual process and not a sudden collapse as in static failure tests. Therefore, ultimate shear strength and stress levels that cause sudden failure are of no great interest for analysis of material behavior when the increase in permanent strain is incremental.
Effect of Principal Stress Reorientation
Reorientation of principal stresses during shear is a feature of the induced stresses associated with many field loading situations. The influence of reorientation on soil strength and stress-strain response needs to be considered for a reliable prediction of in situ behavior. The effect of principal stress reorientation on permanent strain is not yet fully understood. This is probably due to the fact that repeated load triaxial testing, the most common means of reproducing traffic conditions in the laboratory, fails to provide for the continuous change in the direction of principal stresses. Nevertheless, the literature available indicates that principal stress reorientation in granular materials under vehicular loading results in larger permanent strains than those predicted by cyclic triaxial testing. Youd (1972) investigated the behavior of sands in a cyclic shear box and noted a marked increase in density as a result of rotation of the principal stress axes. The density increase was then shown to be directly related to the magnitude of the observed cyclic shear. Similar observations were reported by Ansell and Brown (1978) for crushed limestone.
To observe the influence of shear stress reversal, Chan (1990) conducted hollow cylinder tests on crushed limestone, both with and without the application of shear stress. The tests with shear stress reversal showed much higher permanent strain than tests with no shear stress. The results further revealed that higher permanent strains were obtained due to bidirectional compared with unidirectional shear reversal. Unidirectional shear reversal is the stress condition under a wheel load moving in one direction. Bidirectional shear reversal, on the other hand, is the change in the direction of principal stresses when the wheel load moves in both backward and forward directions. Chan mentioned that when the applied shear stress was high in relation to the normal stress, there was a significant difference between the permanent strain obtained in these two cases. On the other hand, when the magnitude of the shear stress was small compared with the normal stress, the difference in results was small. In the same study, Chan carried out a number of large-scale rutting experiments, which generally confirmed the findings from the hollow cylinder tests.
Effect of Number of Load Applications
The growth of permanent deformation in granular materials under repeated loading is a gradual process during which each load application contributes a small increment to the accumulation of strain. The number of load cycles is, therefore, one of the most important factors to consider in the analysis of the long-term behavior of such materials. The significance of the number of load repetitions has been mentioned many times in the literature. Some researchers (Morgan 1966; Barksdale 1972; Sweere 1990 ) have reported continuously increasing permanent strain under repeated loading. Morgan (1966) , for instance, applied up to 2,000,000 load cycles and reported that permanent strain was still increasing at the end of the tests. Barksdale (1972) concluded that permanent axial strain in untreated granular materials accumulates linearly with the logarithm of the number of load cycles. His test results further indicated that after a relatively large number of load repetitions, the rate of plastic strain accumulation may demonstrate a sudden increase. On the other hand, Brown and Hyde (1975) , who investigated the behavior of a well-graded crushed granite, noted that an equilibrium state was established after approximately 1,000 load applications. Paute et al. (1996) argued that the rate of increase of permanent strain in granular materials under repeated loading decreases constantly to such an extent that it is possible to define a limit value for the accumulation of permanent strain. According to Lekarp (1997) and Lekarp and Dawson (1998) stabilization in achieved only when the applied stresses are low. High stresses, on the other hand, would result in a continuous increase of permanent strain and gradual deterioration. Recent work by Kolisoja (1998) involving very large numbers of cycles reveals that the development of permanent deformation may not be expressible as a simple function, because material that appears to be approaching a stable condition may then become unstable once again under further loading. Thus, the material response must be treated as complex.
Effect of Moisture Content
Although the presence of an adequate amount of water has a positive influence on the strength and stiffness of unbound granular materials as moisture content increases and saturation is approached, positive pore-water pressure may develop under rapidly applied loads. Excessive pore pressure reduces the effective stress, resulting in diminishing permanent deformation resistance of the material. The literature available reveals that researchers who have studied the effect of water content in granular pavement layers in the laboratory and in the field believe that the combination of a high degree of saturation and low permeability, due to poor drainage, leads to high pore pressure, low effective stress, and consequently, low stiffness and low deformation resistance ( Dawson et al. 1996) . In a study conducted by Haynes and Yoder (1963) , the total permanent axial strain rose by more than 100% as the degree of saturation increased from 60 to 80%. Barksdale (1972) observed up to 68% greater permanent axial strain in soaked samples compared with those tested in partially saturated condition. According to Thom and Brown (1987) , a relatively small increase in water content can trigger a dramatic increase in permanent strain rate. Thom and Brown stated further that a large increase in permanent strain could occur even without generation of excess pore pressure in the material, apparently due to the lubricating effect of water in a granular assembly. The increase in the rutting potential of granular materials due to wetting has also been observed during in situ trials using a heavy vehicle simulator .
The stress-strain behavior of soils and granular materials can be improved significantly by draining the system. An example of the positive effect of drainage on permanent strain development in granular materials is illustrated in Fig. 2 for triaxial tests with different drainage conditions.
Effect of Stress History
The permanent deformation behavior of soils and granular materials at any instant is directly related to the stress history (i.e., the order of the application of loads). Brown and Hyde (1975) showed that the permanent strain resulting from a successive increase in the stress level is considerably smaller than the strain that occurs when the highest stress is applied immediately (Fig. 3) . When repetitive loads are applied, the effect of stress history appears as a result of gradual material stiffening by each load application, causing a reduction in the proportion of permanent to resilient strains during subsequent loading cycles. Even though the effect of stress history on permanent deformation behavior has been recognized, very limited research appears to have been done to study this effect. In the laboratory permanent deformation tests, the effect of stress history is normally eliminated by using a new specimen for each stress path applied.
Effect of Density
The effect of density, as described by degree of compaction, has been regarded in previous studies as being significantly important for the long-term behavior of granular materials (Holubec 1969; Barksdale 1972 Barksdale , 1991 Allen 1973; Marek 1977; Thom and Brown 1988) . Resistance to permanent deformation in these materials under repetitive loading appears to be highly improved as a result of increased density. Barksdale (1972) studied the behavior of several granular materials and observed an average of 185% more permanent axial strain when the material was compacted at 95% instead of 100% of maximum compactive density. Allen (1973) reported an 80% reduction in total plastic strain in crushed limestone and a 22% reduction in gravel as the specimen density was increased from Proctor to modified Proctor density. Holubec (1969) suggested that the reduction of plastic strain due to increased density is particularly large for angular aggregates, providing there is no accompanying increase in the transient pore pressure during repetitive loading. For rounded aggregates, however, this decrease in strain with increasing density is not considered to be significant, as these aggregates are initially of higher relative density than angular aggregates for the same compactive effort. Dunlap (1966) noted that if a change in grading produces an increase in relative density for the same compactive effort, then the permanent strain will decrease. The effect of grading was also studied by Thom and Brown (1988) and was found to vary with the compaction level, as illustrated in Fig. 4 . When uncompacted, the specimens with uniform grading resulted in the least permanent strain. On the other hand, the resistance to plastic strain was similar for all gradings when the specimens were heavily compacted. This argument was disputed by Dawson et al. (1996) , who found the effect of grading on permanent deformation to be more significant than the degree of compaction, with the highest plastic strain resistance for the densest mix. Kamal et al. (1993) reported similar observations. This difference may be a consequence of the extremely wide range of densities and gradings adopted by Thom and Brown, which far exceeded the range likely to be experienced in any pavement.
Effect of Grading, Fines Content, and Aggregate Type
The effect of fines content was investigated by Barksdale (1972 Barksdale ( , 1991 and Thom and Brown (1988) , who concluded that permanent deformation resistance in granular materials is reduced as the amount of fines increases. Allen (1973) related the difference in plastic strains between different aggregate types of the same density to the surface characteristics of the particles. He argued that angular materials, such as crushed stone, undergo smaller plastic deformations compared to materials such as gravel with rounded particles. This behavior was said to be the result of a higher angle of shear resistance in angular materials due to better particle interlock. Barksdale and Itani (1989) investigated the influence of aggregate shape and surface characteristics on aggregate rutting. They concluded that a blade-shaped crushed aggregate is slightly more susceptible to rutting than other types of crushed aggregate. Moreover, cube-shaped, rounded river gravel with smooth surfaces is much more susceptible to rutting than crushed aggregates.
COMPUTATIONAL MODELING OF PLASTIC RESPONSE
One of the main objectives of research into long-term behavior of granular materials is establishing constitutive relationships, which allow accurate predictions of permanent strain. In such relationships, it is essential to take into account the gradual accumulation of plastic strain as a function of number of load applications and the important role played by the stress condition. Over the years, several researchers have attempted to outline procedures for predicting permanent strain in unbound granular materials. Different modeling techniques found in the literature and their mathematical expressions are reviewed in this section.
Modeling Permanent Strain with Respect to Number of Load Applications
Veverka (1979) studied both resilient and plastic behavior of granular materials and found a correlation between the two. He proposed a simple relationship between permanent and resilient strains, given by
1,p r Sweere (1990) , who studied the behavior of unbound basecourse materials and sands, could not confirm the equation suggested by Veverka. According to Jouve et al. (1987) , the buildup of plastic strain in granular materials is best treated by decomposing the stresses and strains into volumetric and shear components. In this way, plastic deformation moduli can be defined [see (2a)] in a similar manner to elasticity theories. Jouve et al. used the experimental results to express the permanent deformation moduli as functions of the number of load cycles using (2b)
No other verification of this shear-volumetric approach was found in the literature. In an investigation conducted by Khedr (1985) , the permanent strain development in a crushed limestone was studied using repeated load triaxial tests with variable confining pressure. Khedr came to the conclusion that the rate of permanent axial strain accumulation decreases logarithmically with the number of load repetitions according to the following:
It is noteworthy that although Khedr reported correlation coefficients quite close to unity for all the specimens tested, no other verification of this model was found in the literature. Barksdale (1972) performed a comprehensive study of the behavior of the different basecourse materials, using repeated load triaxial tests with 10 5 load applications. For a given stress condition, Barksdale found that the accumulation of permanent axial strain was proportional to the logarithm of the number of load cycles and expressed the results by the lognormal model as follows:
1,p
The long-term response of granular materials was also investigated by Sweere (1990) in a series of repeated load triaxial tests. After applying 10 6 load cycles, Sweere observed that the lognormal approach did not fit his test results and suggested that for a large number of load repetitions a log-log approach should be employed as follows:
1,p Wolff and Visser (1994) later questioned the application of this log-log model after a series of full-scale heavy vehicle simulator tests with several million load applications. They described the buildup of permanent deformation as consisting of two phases. In the heavy vehicle simulator test results, they observed an initial phase of up to 1,200,000 load repetitions with rapid development of permanent deformation and constantly diminishing rate of increase. During the second phase, permanent strain development seemed much slower, and the strain rate approached a constant value. As the log-log approach failed to give reliable estimates of permanent strain at large numbers of load cycles, a different stress-strain model was suggested by Wolff and Visser as follows:
1,p Paute et al. (1988) suggested that permanent strain increases gradually toward an asymptotic value. Using a similar expression to that of (2b), they expressed the relationship between permanent axial strain (ignoring that accumulated during the first 100 cycles) and number of cycles by
In a separate study, Paute et al. (1996) employed a different approach to express the influence of the number of load applications on the development of permanent deformation in granular materials. In this case, the accumulation of permanent axial strain after an initial period of 100 cycles is given by
According to this equation, permanent strain approaches a limit value (parameter A in the equation) as the number of load repetitions increase toward infinity. The parameter A, therefore, is considered as the limit value for total permanent axial strain. Lekarp (1997) and Lekarp and Dawson (1998) reported test results suggesting that the equation suggested by Paute et al. is valid only at low levels of applied stress.
FIG. 5. Permanent Shear Strain Rate versus Maximum Stress Ratio (Pappin 1979)
Bonaquist and Witczak (1997) developed a constitutive model based on the flow theory of plasticity. As these authors explain, the constitutive models based on the flow theory are incremental. Further, the total strain increment consists of a reversible resilient strain increment and an irreversible plastic strain increment. The plastic strain increment is assumed to be a function of the current states of stress and strain and the incremental change in stress. The flow theory describes plasticity by introducing three concepts. The first is the yield function, which separates the material response into elastic and plastic regions. The second is the flow rule, which specifies the incremental stress-strain relationship in the plastic region. Finally, the third concept is the hardening rule, which defines the change in the yield function caused by plastic strains. Bonaquist and Witczak combined the hierarchical approach proposed by Desai et al. (1986) and the bounding surface concept proposed by Mroz et al. (1978) and developed a new permanent strain model for repeated loading of soils and granular materials. The mathematical expression of this new model is given as follows:
The basic hierarchical model defines the magnitude of permanent strain occurring during the first cycle of loading. Under repeated loading, the cyclic hardening behavior of the material is modeled by expressing the permanent strain for any load cycle as a power function of permanent strain during the first load cycle. The accumulated permanent strain is then calculated as the sum of the permanent strain in each cycle.
Modeling Permanent Strain with Respect to Stress Condition
Several research workers have attempted in the past to correlate repetitive and static loading test results. However, this approach has received mixed support, because the behavior of granular materials is generally regarded as very complex and the repeated and static loadings do not necessarily induce the same structural response. Barksdale (1972) conducted repeated load triaxial tests on granular basecourse materials and used the results to relate the permanent axial strain to the ratio of repeated deviator stress and constant confining pressure. Barksdale made use of a complex hyperbolic expression, given by Duncan and Chang (1970) for static triaxial tests, and derived the variation of permanent axial strain with applied stresses in repeated load triaxial tests as follows:
(1 Ϫ sin ) Lentz and Baladi (1981) used the static stress-strain results of sand samples to predict the cumulative permanent strain of identical samples tested for repeated loading. They suggested that, provided the samples used in the static and repeated loading tests are identical in every respect, the permanent strain under repeated loading can be predicted as follows by using the data from the static tests:
Even though satisfactory results were reported by Lentz and Baladi, this method was based on the results with a single type of material, and its validity was later rejected by Sweere (1990) . Others have suggested that the amount of permanent strain is determined by the closeness of the applied repeated stresses to the static failure stress. Gerrard et al. (1975) plotted the applied stresses in repeated load triaxial tests on the Mohr circle and derived the corresponding static shear strength. After a certain number of load cycles, permanent strains were then drawn as contours for the corresponding ratios of the applied stress to the shear strength. Raymond and Williams (1978) made use of the stress ratio q max /q failure , in which q max is the maximum deviator stress and q failure the deviator stress at failure (continuing along the same stress path), to characterize the results of permanent deformation tests. Thom (1988) , on the other hand, suggested that permanent shear strain is better related to the stress ratio (q max Ϫ q failure )/q max . Lashine et al. (1971) carried out repeated load triaxial tests on a crushed stone in a partially saturated and drained condition. They reported that after about 20,000 load applications, the measured permanent axial strain settled down to a constant level, which was directly related to the ratio of the applied stresses
1,p 3 Pappin (1979) expressed permanent shear strain rate as a function of the length of the stress path in p-q space and the applied shear stress ratio. He also calculated a shape factor for the variation in permanent strain with the number of load cycles and expressed the total shear stress by 2.8 0
Pappin stated that, unless the material was stressed close to the static failure limit, large permanent strains did not occur. However, the mathematical expression suggested by Pappin is not asymptotic to failure and predicts finite permanent strain even at or beyond the static failure stress, as shown in Fig. 5 . Shaw (1980) attempted to apply the equation suggested by Pappin but found it inadequate as the existence of stress paths with identical stress ratio, but completely different strain rates, was proved to be possible. Paute et al. (1996) defined a limit value for permanent axial strain [parameter A in (8)] and suggested that it varies with the maximum shear stress ratio, defined by using the static failure line, as given by
This approach was later investigated and highly questioned by Lekarp et al. (1996) . All techniques that seek to relate per-
FIG. 6. Effect of Number of Cycles and Stresses on Permanent Axial Strain (Lekarp and Dawson 1998)
manent deformation to some kind of static failure or yield criterion are suspect for the reason given at the end of the Effect of Stress section above.
Modeling Permanent Strain Using Shakedown Approach
The literature review indicates that several researchers [e.g., Dunlap (1966) , Morgan (1966) , Holubec (1969) , Barksdale (1972) , and Chan (1990) ], who related the magnitude of permanent strain to shear stress level, have concluded that at low levels of stress the resulting permanent strain would eventually reach an equilibrium condition (for which an asymptotic model is needed). At higher stresses, however, permanent strain is likely to increase continually (for which a power or logarithmic model is needed). At even higher stresses, strains may increase rapidly, resulting in eventual failure. This has raised the possibility of the existence of a critical stress level separating the stable and failure conditions in a pavement. Maree (1982) , as reported by Wolff (1992) , studied the behavior of gravel and crushed stone, and reported that, under constant confinement, the specimens stabilized below a certain threshold of repeated deviator stress. Maree called this level of deviator stress the ''maximum safe repeated deviator stress'' and found a ratio of 0.58-0.98 between this stress and the failure strength of the material. He then developed a design procedure, based on a failure model, whereby the maximum stress in granular layers is kept below the maximum safe repeated deviator stress. This design procedure was criticized by Wolff (1992) , who argued that it is simplistic and does not take into account the nonlinear behavior of unbound materials. Furthermore, the failure model of the procedure is based on the elastic theory of soils, although it is widely accepted that soils and granular materials behave elastoplastically.
Some researchers (Sharp 1983; Sharp and Booker 1984; Raad et al. 1989; Collins et al. 1993 ) have developed computational procedures for pavement analysis based on the socalled shakedown theory. According to the shakedown principles, a pavement is liable to show progressive accumulation of plastic strains under repeated loading if the magnitude of the applied loads exceeds a limiting value, called the shakedown load. The pavement is then said to exhibit an incremental collapse or gradual failure. On the other hand, if the applied loads are lower than the shakedown limit, the growth of plastic strains will eventually level off and the pavement is said to have attained a state of shakedown by means of adaptation to the loads. The response of the pavement will then be totally resilient under additional load applications. The complex numerical models found in the literature treat the response of the whole pavement as a single, unified structure. Lekarp and Dawson (1998) suggested that the shakedown approach may also be employed in explaining the permanent deformation behavior of granular materials. Using repeated load triaxial tests on different unbound aggregates, they defined a relationship between the accumulated permanent strain after a given number of cycles, the stress path length, and the maximum shear-normal stress ratio according to the following:
The comparison of measured and model-predicted values showed close similarities to the concept of the shakedown theory. An example of the results reported by Lekarp and Dawson is given in Fig. 6 . At low stress ratios, the growth of permanent strain was shown to level off, resulting in a final equilibrium state. High stress ratios, on the other hand, resulted in more progressive accumulation of permanent strain and gradual deterioration of the material. The results showed clear indications that the state of gradual collapse occurs beyond a certain threshold stress ratio, which could be a form of the so-called shakedown limit. Lekarp and Dawson, however , pointed out that more research was required to determine this shakedown limit. Analytically, it is possible to estimate peak stresses in a granular pavement layer due to vehicular loading. If the shakedown limit approach is a sustainable one, then the method of defining the limit, together with such pavement analysis, provides a means of designing pavements such that the peak stresses induced never exceed the value that would generate nonstabilizing behavior. Thus a criterion to prevent excessive rutting within granular layers could become available.
CONCLUSIONS
The main conclusions from this literature review can be summarized as follows.
1. Most of the research carried out over the years has concentrated on the resilient behavior of granular materials. This is perhaps due to the practical difficulties in studying permanent deformation behavior. While resilient tests are fairly quick and each laboratory specimen can be studied for a great number of stresses, permanent deformation tests are very timeconsuming and separate specimens are required for each set of stresses. As a result, greater advances have been made in understanding the resilient response than the long-term performance of granular materials.
2. The permanent strain development in granular materials is affected by several factors: stress level, principal stress reorientation, number of load applications, moisture content, stress history, density, fines content, grading, and aggregate type. The importance of applied stress level is strongly emphasized in the literature. Permanent strain is said to be related directly to deviator stress and inversely to confining pressure. However, several studies have suggested that permanent strain is principally governed by some form of stress ratio consisting of both deviatoric and confining stresses. Numerous limited investigations found in the literature indicate that reorientation of principal stresses due to moving traffic significantly increases the amount of plastic strains in granular pavement layers. The growth of permanent strain in granular materials is a gradual process during which each load application contributes a small increment to the accumulation of strain. The significance of the number of load repetitions has been recognized many times in the literature. The amount of permanent strain in granular materials is also influenced greatly by the presence of water. At high levels of saturation, deformation resistance in the material reduces quite rapidly, probably as positive porewater pressure is generated. Proper drainage in granular pavement layers is, therefore, a necessity for improving pavement performance. The reduction in fines content is likely to achieve this but may conflict with the desire to provide a more deformation-resistant mixture by increasing the fines to promote better packing. The effect of stress history on permanent strain development has been recognized in the literature but hardly investigated. The single study found in the literature shows clearly that permanent strain is reduced notably as the result of stress history. However, if previous loading has loosened the material (e.g., by dilating it), then the effect of stress history is the opposite. In laboratory permanent strain tests, the effect of stress history is eliminated by using a new specimen for each set of stresses applied. Density, described by degree of compaction, is believed to have a pronounced impact on the long-term behavior of granular materials. Resistance to permanent strain in these materials is highly improved as the result of increased density. Fines content has an inverse effect on permanent deformation resistance in granular materials. The effect of particle size distribution, or grading, is a disputed subject, and different views are found in the literature. As for the effect of aggregate type, it has been suggested that crushed, angular materials undergo smaller permanent deformation compared to materials such as gravel with rounded grains.
3. The computational procedures for prediction of permanent strain in granular materials are generally based on the effect of number of load applications and also the applied stresses. The gradual accumulation of permanent strain is normally defined as a function of the number of load repetitions. The amount of accumulated permanent strain after a certain number of load cycles is then defined as a function of the stress components. Some of the models found in the literature are based on the assumption that the accumulation of permanent strain gradually levels off, resulting in a final response that is totally resilient. Other models, however, predict a continuing increase in permanent strain with no signs of stabilization in material behavior. There are studies indicating that long-term performance of granular materials depends on the level of applied stresses, so that low stresses result in a final equilibrium state and high stresses lead to rapid growth of permanent strain and eventual failure. This has been used by some researchers for developing models similar to those based on the shakedown concept, suggesting that stabilizing and deteriorating behaviors of granular materials are separated by a certain stress level, called the shakedown load. This stress level may be useful as a design criterion.
4. There is a clear need for developing more general and theoretically sound computational models for prediction of the permanent strain response of granular materials. For routine analysis, however, simplicity of the modeling procedure is important and should be taken into consideration. This calls for more intensive research into this area in the coming years.
